The intracellular signaling targets used by mammalian axon guidance receptors to organize the nervous system in vivo are unclear. The Nck1 and Nck2 SH2/SH3 adaptors (collectively Nck) can couple phosphotyrosine (pTyr) signals to reorganization of the actin cytoskeleton and are therefore candidates for linking guidance cues to the regulatory machinery of the cytoskeleton. We find that selective inactivation of Nck in the murine nervous system causes a hopping gait and a defect in the spinal central pattern generator, which is characterized by synchronous firing of bilateral ventral motor neurons. Nck-deficient mice also show abnormal projections of corticospinal tract axons and defective development of the posterior tract of the anterior commissure. These phenotypes are consistent with a role for Nck in signaling initiated by different classes of guidance receptors, including the EphA4 receptor tyrosine kinase. Our data indicate that Nck adaptors couple pTyr guidance signals to cytoskeletal events required for the ipsilateral projections of spinal cord neurons and thus for normal limb movement.
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axon guidance ͉ locomotion ͉ SH2/SH3 adaptors ͉ EphA4 A xon guidance depends on the integration of signals from activated receptors and adhesion molecules to the growthcone cytoskeleton. Our understanding of the mechanisms involved in transducing signals from these receptors to the actin cytoskeleton to influence growth-cone turning remain incomplete. One important family of proteins involved in mediating phosphotyrosine-based signals are the Nck adaptor proteins Nck1 and Nck2. Nck proteins contain a C-terminal SH2 domain that binds preferentially to pY-D-X-V motifs (1) and three N-terminal SH3 domains that associate with proteins implicated in the regulation of the actin cytoskeleton, including N-WASP and the Pak serine/threonine kinases (2) . Nck adaptors are therefore candidate targets for cell-surface receptors that modify the actin cytoskeleton in processes such as axon guidance. Consistent with this possibility, a number of guidance receptors can associate with Nck, including the B-type Eph receptors (3, 4) and their transmembrane ephrin ligands (5), Robo (6) and the netrin receptor DCC (7), as well as cytoplasmic docking proteins such as Dok1 (3), disabled-1 (8) , and p130 cas (9) . Furthermore the Drosophila orthologue of Nck, dreadlocks (Dock), is important for photoreceptor cell (R cell) axon guidance (10) , in conjunction with Pak (11) .
To date, analysis of the role of mammalian Nck proteins in neuronal development has been limited by the observation that mice homozygous for null alleles of either Nck1 or Nck2 alone appear normal, whereas mice lacking both Nck1 and Nck2 die at embryonic day 9.5 (12). Here we report that selective inactivation of Nck in the developing nervous system results in animals that display locomotor defects. Consistent with this phenotypic abnormality, we find defects in the response of corticospinal tract neurons to midline cues in these mice. Furthermore, we identify alterations in the local rhythmic pattern of flexor and extensor muscles by using isolated spinal cord preparations, and we identify guidance defects of ventral spinal interneurons in Nck-deficient animals. These phenotypes are similar to those exhibited by EphA4 null mice, suggesting that Nck is an important downstream effector of EphA4 in controlling axon guidance.
Results and Discussion
Mice Lacking Nck Protein in the Developing Nervous System Exhibit Locomotor Defects. Mice have two closely related Nck genes (Nck1 and Nck2) that have overlapping functions; animals lacking either gene alone are viable, whereas double mutants die at embryonic day 9.5 (12) . To explore the importance of Nck in the mammalian nervous system, we used a conditional allele of the Nck2 gene (Nck2 flx ), in which loxP sites flank the first coding exon (1) [ Fig. 1 a and b and supporting information (SI) Fig. 5a ]. We confirmed the ability of Cre recombinase to inactivate expression of the Nck2 flx allele in mouse embryo fibroblasts (SI Fig. 5b ). We then generated mice that were homozygous for both an Nck1-null allele and the Nck2 flx allele and that carried a Nestin-Cre transgene to selectively inactivate Nck2 in neuronal and glial cell precursors (13) (Nck1 Ϫ/Ϫ ;Nck2 flx/flx ;Nestin-Cre, subsequently termed ''Nck-deficient''). These mice showed a strong reduction of detectable Nck protein levels in the brain (Fig. 1c, top gel) , but not in nonneuronal tissues such as the liver (Fig. 1c, bottom gel) . Similarly, dissociated embryonic cortical neurons showed a dose-dependent loss of Nck protein expression (Fig. 1d) . These animals were born at the expected Mendelian frequency (Fig. 1e) and were viable and fertile. However they exhibited a hopping gait that was maintained to adulthood ( Fig.  1 f and g ).
Corticospinal Tract Defects in Nck-Deficient Mice. The inability of adult Nck-deficient mice to alternate their limb movements suggested the possibility of defects in the corticospinal tract (CST), a major axon tract important in regulating gait (14) . Cross-sections through both the thoracic and lumbar regions of the spinal cord of adult Nck-deficient animals revealed a shallow dorsal funiculus (DF) (n ϭ 8) compared with control mice (n ϭ 5) (Fig. 1 h-k) , consistent with defects in the CST. We therefore performed anterograde axon tracing experi-ments by unilaterally injecting biotinylated dextran amine (BDA) into layer-V neurons in the motor cortex of 8-to 12-week-old animals ( Fig. 2a) and then examined the projections of these axons along the rostral-caudal axis (Fig. 2 b-e) . In both control (Nck1 Ϫ/Ϫ ;Nck2 flx/flx ) and Nck-deficient mice, the CST axons were present through the internal capsule and pons (data not shown). At the spinomedullary junction, almost all of the BDA-labeled axons decussated and projected dorsally as they crossed the midline (Fig. 2 b and c) to extend down the dorsal column of the spinal cord. A few labeled axons projected ipsilaterally in both control (as reported in ref. 15 ) and Nckdeficient mice. In control mice, axon innervation in the gray matter of the spinal cord was confined to the contralateral side, with few axons crossing the midline (Fig. 2d) . However, Nckdeficient animals showed a number of axons that aberrantly recrossed the midline in the gray matter [ Fig. 2 e (arrows) and f ]; as well, a few fibers were seen crossing in the white matter [ Fig. 2 To pursue this point, we examined the activity of the CPG response in isolated spinal cords from P2 control ( Fig. 3a) and Nck-deficient (Fig. 3b) animals. As shown previously, adding serotonin and NMDA to the control P2 spinal cord produced alternating left-right rhythmic motor activity in ventral roots at both the lumbar (L) 2 (data not shown, n ϭ 3) and L5 regions (n ϭ 6) ( Fig. 3 a and c) . The mean phase for each recording is shown in the circular phase plot (Fig. 3c) , where 0 represents synchrony between bilateral roots, and 0.5 indicates asynchrony. In contrast, in stimulated spinal cords from Nckdeficient animals, the left and right ventral roots at the L5 (n ϭ 8) (Fig. 3 b and d) , L2, and L3 (n ϭ 5, data not shown) segmental regions fired simultaneously, indicating a loss of asynchronous behavior. Left-right coordination is mediated through commissural interneurons (CINs) located in the ventral spinal cord (17, 18) . Interneurons positive for the receptor tyrosine kinase EphA4 define a subclass of excitatory rhythmically active neurons that project ipsilaterally and likely innervate motorneurons (19). Both EphA4-and ephrin-B3-null mice have a hopping phenotype and display synchronous firing of pairs of bilateral ventral motor roots, potentially because of the ectopic projection of excitatory ipsilateral spinal interneurons across the midline (20) . To test whether Nckdeficient mice show similar defects, we traced L2 descending CINs by using rhodamine-conjugated dextran amine (RDA). RDA crystals were placed unilaterally in the ventral funiculus at the L4 level in P2 animals, and the axonal projections of these neurons at the L2 level were examined. In both control (Fig. 3f ) and Nck-deficient animals (Fig. 3g) , a number of CIN neurons were labeled because of dye uptake from descending CINs (dashed circles in Fig. 3 f and  g ), excluding the possibility that the hopping phenotype is due to a loss of these neurons. However, Nck-deficient mice showed an increase in the number of fibers crossing the midline at the L2 level (Fig. 3g, arrows) . In the contralateral gray matter of Nck-deficient mice, the average labeling intensity was 77.0 Ϯ 5.4 compared with 28.9 Ϯ 2.0 in controls (P Ͻ 0.001; n ϭ 5 and n ϭ 8, respectively). These results suggest that Nck mediates intracellular signaling required to establish the neuronal circuitry that generates synchronous firing of ventral motor roots.
The phenotypic similarities between Nck-deficient and EphA4 mutant animals raise the possibility that Nck participates in EphA4 signaling in the spinal cord, consistent with data indicating that Nck2 overexpression can rescue an EphA4-dependent loss-of-cell-adhesion phenotype in Xenopus blastomeres (21) . We therefore examined the expression of Nck genes in the lumbar spinal cord, where EphA4 is present in rhythmically active excitatory interneurons (19). For this purpose, we used mice homozygous for the Nck1-null allele, in which a ␤-gal reporter is fused in-frame with the N-terminal 23 aa of Nck1 (12) . These experiments revealed Nck1 expression throughout the spinal gray matter, including throughout the ventral spinal cord (Fig. 3 h and i) . Because a subpopulation of EphA4-positive neurons has been shown to be rhythmically active, with segmentally appropriate CPG responses, and to form excitatory connections with motoneurons (19), we tested whether any Nck1-positive neurons were also EphA4-positive. For this test, we combined EphA4 in situ hybridization with ␤-gal immunostaining on spinal cord sections from P2 Nck1 lacZ/ϩ animals. We noted EphA4-positive neurons in the ventrolateral spinal cord that also express Nck1 (arrows in Fig. 3 j and k) . However, not all EphA4-positive cells are detectably Nck1-positive (arrowhead in Fig. 3 j and k) , and not all Nck1-positive cells are EphA4-positive (asterisks in Fig. 3 j and k) . We also confirmed that EphA4 and Nck coimmunoprecipitate using transfected HEK 293T cells and that EphA4 can induce Nck2 tyrosine phosphorylation (Fig. 3m) . Loss of Nck did not downregulate EphA4 expression in the brain or spinal cord, nor did it cause any change in the localization of ephrin-B3 in the thoracic region of the spinal cord (SI Fig. 6 ). These data suggest that Nck may signal, in part, through an EphA4-dependent pathway to control CPG responses.
To pursue the notion that aberrantly crossing neurons increase the excitatory input into the contralateral spinal cord, leading to synchronous firing of ventral motor neurons, we treated Nckdeficient spinal cord preparations (P2) with 100 M sarcosine, a glycine uptake inhibitor, and recorded motor neuron activity in L5 roots. In the ephrin-B3 and EphA4 mutants, sarcosine restores asynchronous firing, likely by increasing the inhibitory drive (20) . In CPG recordings from Nck-deficient mice, the addition of sarcosine caused a shift in the mean phase value near 0 (V test, 0.03; P Ͻ 0.001; Fig. 3d ) to 0.89, ablating any uniform distribution and any statistical sign for a preferred phase value near 0 (Rayleigh's uniformity test, P Ͼ 0.89; V test, P ϭ 0.35; Fig.  3e ). Thus, sarcosine shifted the left-right firing away from synchrony, but did not fully revert firing to alternation as observed in EphA4 mutants. The incomplete phenotypic rescue by sarcosine may reflect a strong excitatory drive that is too potent to be fully countered by sarcosine-enhanced CIN inhibition. It is also possible that, in addition to EphA4-positive neurons, a population of Nck-positive neurons lacking EphA4 might affect the spinal circuitry, and thus ipsilateral rhythmic pattern generation. Indeed, a subpopulation of the excitatory neurons in the ventro-medial lumbar spinal cord express EphA4 (19), and some EphA4 positive neurons are inhibitory (19, 22).
Nck-Deficient Mice Display Multiple Axon Guidance Defects. Nckdeficient and EphA4 Ϫ/Ϫ mice show other differences in addition to their distinct response to sarcosine. Similar to the EphA4 Ϫ/Ϫ mice, the DF of the Nck-deficient mice is shallow, but unlike the EphA4 Ϫ/Ϫ mice, the DF fails to broaden in the Nck-deficient animals. In this regard, other guidance receptors that bind Nck, including DCC (7, 23) , may play a role in the CPG response. We also noted a reduced development of the posterior tract of the anterior commissure (pAC) in Nck-deficient mice (Fig. 4c) , a phenotype also attributed to defective reverse signaling through the transmembrane ephrins (24) . The pAC appeared normal in both the single Nck1- (Fig. 4a) and Nck2-null animals (Fig. 4b) , suggesting that the Nck proteins can compensate for one another in the pAC. Tyrosine phosphorylated ephrin-B1 has been shown to selectively bind the SH2 domain of Nck2 (5), but it is possible that ephrin-B1 recruits both Nck1 and Nck2 in vivo, especially given the markedly similar binding properties of their SH2 domains (25) . Furthermore, we have observed a much more severe phenotype, in Nck1 Ϫ/Ϫ ;Nck2 flx/Ϫ ;Nestin-Cre mice, in which one of the Nck2 alleles is fully null. These animals have a 3-fold reduction in the expression of Nck2 mRNA in the cortex compared with their littermate Nck1 Ϫ/Ϫ ;Nck2 flx/flx ;Nestin-Cre controls (SI Fig. 5 c-e) . These animals survive the embryonic period and are born at a Mendelian ratio, but most die within a few days of birth, likely because of an inability to suckle because their stomachs are void of milk (J.P.F and T.P., unpublished observations). To date, one such animal survived to P12; this animal was unusually small (SI Fig. 5f ), severely ataxic, and, in response to stimulation, its hindlimbs went into rhythmic extension/flexion seizure-like activity (see SI Movie 2). These data suggest that the Nck1 Ϫ/Ϫ ;Nck2 flx/flx ;Nestin-Cre animals described here retain residual Nck function and that the spinal cord defect represents a sensitized phenotype. Nck adaptors may therefore be important in transmitting signals that guide axons downstream of multiple receptors.
Nck Interacts with Actin-Regulatory Proteins and ␣-Chimaerin. To pursue targets of Nck that might regulate axon guidance, we used MS to identify proteins in a mouse brain lysate that interact with the Nck1 SH3 domains. A number of peptides for previously identified Nck SH3-binding proteins, including synaptojanin, a phosphoinositide phosphatase, NckAP1, c-cbl, dynamin, Abi1 and N-WASP were detected (Fig. 4d and SI Table 1 ). In addition, 16 peptides were identified for p140Cap, which regulates actin dynamics downstream of adhesion molecules (26) . These data support the contention that the SH3 domains of Nck link to actin regulatory proteins in the nervous system, including N-WASP and WAVE complex members. Previously, we have shown that the Rac GTPase activating protein (GAP) protein ␣-chimaerin can interact with Nck (27) . We find that endogenous Nck precipitates ␣-chimaerin (among other proteins) from brain lysate (Fig. 4e) and that the SH3 domains of Nck are responsible for this interaction (Fig. 4f Upper) . In this regard, mice deficient in ␣-chimaerin have a hopping phenotype similar to Nckdeficient animals and EphA4 Ϫ/Ϫ mice and display defects in the midline repulsion of CST and ipsilateral spinal interneurons similar to Nck-deficient mice (28) (29) (30) . Taken together, the biochemical and phenotypic data suggest that EphA4, Nck, and ␣-chimaerin function in a related pathway to control axon guidance, consistent with recent evidence from ␣-chimaerin mutant mice (28) (29) (30) .
These data establish that mammalian Nck SH2/SH3 adaptors convey signals to control the projections of spinal cord neurons that direct limb movement. Nck is also necessary for the development of specialized actin-based structures (foot processes) in kidney podocytes (1) that form an essential part of the filtration barrier; together, these results indicate that Nck functions in different cell types to couple distinct receptors to the cytoskeleton and thereby cooperates in fashioning specialized cellular morphologies. In spinal cord neurons, Nck likely promotes growth cone retraction, as indicated by the aberrant projections of Nck-deficient excitatory neurons across the midline, whereas in the kidney Nck promotes the outgrowth and stabilization of foot processes (1) . Neurons and podocytes may respond differently to common Nck targets, such as the Arp2/3 complex (downstream of N-WASP) and Pak, which in many cell types are involved in cellular protrusions (31) . Interestingly, defects in signaling from Pak and the N-WASP-Arp2/3 complex suppress the responses of cultured neuronal cells to repellant guidance cues (32) (33) (34) . It is also possible that different cells express distinct repertoires of targets for the Nck SH3 domains and associate with different affinities and kinetics with tyrosinephosphorylated receptors. In summary, we identify Nck as a cytoplasmic regulator of mammalian axon guidance cues in vivo and indicate that adaptor proteins can contribute to the organization of complex neuronal circuitry.
Methods
Generation of Mice. Nck1 and Nck2 mutant mice have been described in ref. 12. For the generation of the floxed targeting vector, genomic fragments were isolated from a 129/SV-Ola library. The Nck2 vector contained a 9.5-kb genomic fragment, including the first coding exon (7.75 kb 5Ј arm, 1.75 kb 3Ј arm). LoxP sites were inserted 500 bp 5Ј and 5.5 kb 3Јof the first coding exon. The Puro-pgk cassette flanked by Flip recombination sites was inserted immediately upstream of the 3Ј loxP site. Embryonic stem (R14-ES) cells were electroporated; positive ES clones were injected into ICR blastocysts to generate heterozygous mutant mice. These mice were then crossed onto an Nck2-null mouse to generate Nck2 flx/Ϫ mice. The Puro-pgk cassette was removed by injecting fertilized eggs from Nck2 flx/Ϫ mice with a vector containing Flip recombinase, injected eggs were returned to pseudopregnant females, and resulting offspring were screened for excision of the Puro-pgk cassette. These animals were then crossed onto the Nck1-null background and then were crossed with a Nestin-Cre transgenic mouse (a kind gift from R. Klein, European Molecular Biology Laboratory, Heidelberg).
PCR Screening of Gene-Targeted Mouse Strains. Template DNA for genomic PCR was isolated from ear tissue or tail tissue as described in ref. 12 . Crepositive animals were identified using the following primers: forward, 5Ј-GTTATAAGCAATCCCCAGAAATG; reverse, 5Ј-GGCAGTAAAAACTATCCA-GACA. For the floxed Nck2 animals, the following primers were used: forward, 5Ј-GGATACCACATTGGCATTAGTAG; reverse, 5Ј-GTGCTCATTTGACAAGTGA-CAC. Genotyping for the Nck1 and Nck2 alleles have been described in ref. 12 . For the quantitative RT-PCR, the following primers were used: 5Ј-AGGACAG-GCTACGTGCCTT; reverse, 5Ј-GTACTCCGCATCAGTGCTTGG by using the 2(Delta Delta C(T)) method (35) .
Surgery and Staining.
For anterograde tracing, anesthetized adult mice (n ϭ 5, Nck1 Ϫ/Ϫ ;Nck2 flx/flx ;Nestin-Cre; n ϭ 3, Nck1 Ϫ/Ϫ ;Nck2 flx/flx ) were unilaterally injected at three sites as described in ref. 15 . In total, 0.4 l per site of a solution containing 10% biotinylated dextran amine (BDA) in 0.1 M phosphate buffer (PB) (Molecular Probes) was injected into each position in the sensorimotor area. After a survival time of 14 -30 days, the animals were killed with an overdose of Somnitol, the BDA signal was enhanced using the Vectastain ABC Elite Kit, and diaminobenzidine (DAB) reagent was used to detect the signal.
Spinal Cord Tracing.
To identify commissural neurons, we performed labeling experiments as described in ref. 20 . Microscopy was carried out using a Leica DMRX microscope equipped with fluorescence and transmitted light optics. ImageJ (National Institutes of Health, http://rsb.info.nih.gov/ij) was used to define and analyze intensity (average pixel intensity of 8-bit range) in a square region of interest approximately one-sixth the size of a hemicord (in the gray matter adjacent to the midline). Images were inverted in Adobe Photoshop to define fibers. Recording Ventral Root Activity. Each spinal cord isolated from 2-day-old mice was transferred to a recording chamber perfused with oxygenated saline maintained at 25°C. Right-left pairs of lumbar roots (L2-L5) were drawn into separate suction electrodes each containing a silver wire (chloride-coated) recording electrode connected to headstages of a MultiClamp 700A dual channel amplifier (Axon Instruments/Molecular Devices). Responses were amplified, bandpassfiltered (0.1-2 kHz), digitized, and stored onto a computer by using pCLAMP9 software. Rhythmic motor output was induced by application of 5 M NMDA/ serotonin, and in some experiments sarcosine (100 -200 M) was also added.
Quantification of Rhythmic Discharges. After ventral root recordings were rectified and smoothed with low-pass filtering (0.2 s), we performed a semiautomated analysis to find burst-discharge peak times by using the Event Detection feature of Clampfit version 9.2 (Axon Instruments/Molecular Devices). Oriana software was used to statistically determine whether the grouped phases were uniformly distributed (Rayleigh's test, P Ͻ 0.05) or whether the phase distribution had a specified mean direction (V test).
